The nuclear pore complex (NPC) is a permeable sieve that can dilate to facilitate the bidirectional translocation of a wide size range of receptor-cargo complexes. The binding of receptors to FG nucleoporin docking sites triggers channel gating by an unknown mechanism. Previously, we used deoxyglucose and chilling treatments to implicate Nup170p and Nup188p in the control of NPC sieving in Saccharomyces cerevisiae. Here, we report that aliphatic alcohols increase the permeability of wild-type and nup170⌬ NPCs. In conjunction with increases in permeability, aliphatic alcohols, deoxyglucose, and chilling trigger the reversible dissociation of several nucleoporins from nup170⌬ NPCs. These results are consistent with the hypothesis that NPC gating occurs when molecular latches composed of FG repeats and structural nucleoporins dissociate.
The nuclear pore complex (NPC) catalyzes the nuclear localization signal (NLS)-or nuclear export signal (NES)-directed transport of macromolecules across the nuclear envelope (28, 33) . Transport substrates are targeted to the NPC by soluble receptors, most of which belong to the karyopherin family of importins and exportins. The directionality of transport is dictated by the high nuclear concentration of Ran-GTP, which promotes the formation of outgoing exportin-cargo complexes and the disassembly of incoming importin-cargo complexes.
The NPC is an octagonally symmetric wheel-shaped structure composed of ϳ30 nucleoporins (nups), most of which are present in 8, 16, or 32 copies per pore (7, 15, 39) . The structural framework of the NPC is comprised of spoke-ring subunits surrounding a hub that has been variously called the central transporter assembly, central channel, or central plug. In addition to the massive channel-forming framework, distinctive cytoplasmic filaments and nuclear basket structures protrude from the NPC. Although the overall architectures of the Saccharomyces cerevisiae and vertebrate NPCs are similar, the structure of the yeast NPC is smaller and seemingly less complex (5, 49) . Still, proteomic analyses revealed a high degree of similarity between the protein compositions of yeast and rat NPCs (10, 39) , which supports the conclusion that the molecular mechanism of NPC function is conserved among eukaryotes.
The NPC is an open sieve with a resting diameter of ϳ10 nm that can dilate during translocation to admit cargos with masses in the millions of daltons. The diffusion channel provides molecules with Stokes' radii of less than ϳ10 nm an unfettered route across the nuclear envelope (16) . An in vitro analytical study has indicated that mammalian NPCs harbor a single diffusion channel with an accessible diameter of 10.7 nm and a length of 89 nm (22) . By monitoring the distribution of microinjected colloidal gold particles, Feldherr and Akin concluded that the diffusion occurs through the middle of the NPC, coincident with the gated translocation channel (16) .
The results of these studies are consistent with the notion that the diffusion channel is a physical property of the gated translocation channel, which dilates by an unknown mechanism to accommodate receptor-cargo complexes containing large cargos such as 60S ribosomes (2.8 mDa) (however, see reference 47). Other channel-like features located around the periphery of the NPC-nuclear envelope border may facilitate the trafficking of membrane proteins between the inner and outer nuclear membranes (4, 20) .
The vectorial translocation of receptor-cargo complexes through the central channel involves their binding to the phenylalanine-glycine (FG)-rich repeats of the FG nups. Exactly how the FG nups are displayed around or within the translocation channel is not known (39) . The Brownian affinity gate (39) , hydrophobic exclusion (37, 37a) , and affinity gradient (8, 17 ) models address various aspects of how the FG nups might facilitate channel gating and/or vectorial translocation.
Nup170p and Nup188p have previously been implicated in the control of NPC permeability (42) . Whereas nup170⌬ and nup188⌬ NPCs do not exhibit strong defects in either NLS-or NES-directed transport, they are permeable to reporters that are larger than those able to diffuse across wild-type (wt) NPCs (42) . The stoichiometries of several FG nups are altered in NPCs isolated from nup170⌬ cells (23) , which also exhibit defects in chromosome segregation (24) . In this study, we report that aliphatic alcohols increase the sieving capacity of wt and nup170⌬ NPCs and, in nup170⌬ cells, induce the reversible dissociation of several structural and FG nups. Deoxyglucose and chilling produced similar effects. We propose that channel gating is facilitated by molecular latches that open and close to trigger large configurational shifts, which distinguish open and closed channels. Nup170p is required either directly or indirectly to tether latch-forming nups to the NPC when the channel is open. GFP-NES (42), classical NLS (cNLS)-GFP (44) , and GAL1-SSA1 (43) plasmids were used as previously described. Rich (yeast extract-peptone-dextrose), standard synthetic complete (SC), and drop-out media were used as described previously (41) .
MATERIALS AND METHODS

Strains
In vivo transport assays and microscopy. Assays to assess the passive nucleocytoplasmic equilibration of NLS-GFP and NES-GFP reporters were performed basically as reported previously (42, 44) with the modifications described in the legends to Fig. 1 and 2 . Briefly, about 2 optical density (A 600 ) units of logarithmically growing cells were pelleted and resuspended in 50 l of glucosecontaining synthetic medium (SC-Glu) in the presence or absence of alcohols and incubated at room temperature to allow equilibration. After 10 min, 2 l of cells was removed, mounted under coverslips on glass slides, and scored at room temperature by using an Olympus BH-2 microscope with an Olympus SPlan 100 oil immersion objective. GAL1-SSA1 expression from the YCpGAL1-SSA1 vector was induced by resuspension of glucose-grown cells (SC-Glu) in SC-Raf/Gal (1% raffinose and 1% galactose) and incubation in a shaking bath at 30°C for 2 h. Equilibration and reimport kinetics were quantified as described previously (44) . Recovery from alcohol treatments was performed by washing cells in 1 ml of SC-Glu, pelleting and then resuspending them in 1 ml of fresh SC-Glu, and incubating them for 30 min at 30°C. Images of cells were obtained using a Leica TCS NT confocal microscope equipped with UV, Ar, Kr-Ar, and He-Ne lasers. Confocal images were processed using Adobe Photoshop software.
RESULTS AND DISCUSSION
Aliphatic alcohols disrupt the permeability barrier of wt NPCs. In vivo kinetic assays have been developed to assess NPC permeability under different conditions and in various genetic backgrounds (42) . These assays employ sized NLS-and NES-GFP reporters whose capacity to diffuse across the nuclear envelope is assessed after their karyopherin-mediated transport is inhibited by chilling or deoxyglucose (42, 44) . In chilled cells, wt yeast NPCs are permeable to a 30-kDa NES-GFP reporter but not to larger NES-or NLS-GFP reporters ( Fig. 1 and 2 ) (42) . In contrast, nup170⌬ NPCs admitted the largest, 126-kDa reporter (42) . The NPCs in chilled nup188⌬ cells were also more permeable than wt NPCs but less so than nup170⌬ NPCs. In this study, we provide evidence that increases in the functional diameters of translocation channels in wt and nup170⌬ NPCs are mediated by the reversible breaking of complexes between nups. The results presented here support the hypothesis that central-channel gating is governed by molecular latches which, when closed, maintain the normal permeability barrier of resting channels and, when released, widen the channel to accommodate receptor-cargo complexes.
Here, we extend previous studies on the effects of deoxyglucose and chilling (42) to include the effects of aliphatic alcohols. As shown in Fig. 1A , methanol, ethanol, isopropanol, n-butanol, cyclohexanol, and 1,6-hexanediol (HD) all promoted the leakage of cNLS-GFP down its concentration gradient into the cytoplasm ( Fig. 1A and B) . Interestingly, the effectiveness of the alcohols was roughly proportional to their relative hydrophobicity (Fig. 1A, inset) . These results are most easily explained by a disruptive effect of aliphatic alcohols on key interactions between nups involved in maintaining the permeability barrier. Recently, Ribbeck and Gorlich (37a) suggested that trans-cyclohexane-1,2-diol increased the permeability barrier of mammalian NPCs by wreaking havoc with hydrophobic interactions between FG repeats. This conclusion was supported by the finding that the effects of the alcohol on NPC permeability were thwarted by wheat germ agglutinin, which is known to cross-link mammalian FG nups (37a).
The long-term effects of ethanol and HD on cNLS-GFP localization proved to be interesting. After the rapid ethanolor HD-induced dumping of cNLS-GFP into the cytoplasm, the reporter reaccumulated into nuclei within ϳ8 h (Fig. 1C) . The capacity of cells to adapt to the presence of ethanol or HD underscores the generally mild effects of these alcohols on cell physiology. The spontaneous reimport of cNLS-GFP reflects a genuine physiological response, since alcohol-treated cells were tolerant to subsequent exposures (Fig. 1D ). In particular, the development of ethanol tolerance in S. cerevisiae is well known and involves, in part, the increased gene expression of molecular chaperones such as Hsp70 (36) . This is relevant because it has previously been shown that the ectopic expression of a cytosolic Hsp70, GAL1::SSA1, suppresses the steadystate permeability defects of nup188⌬ and nup170⌬ cells (42) . Thus, it was not unexpected that the overexpression of GAL1::SSA1 prevented the alcohol-induced delocalization of cNLS-GFP in wt cells (Fig. 1C ). An "empty" vector lacking the SSA1 open reading frame afforded no protection (data not shown). Since ethanol in cultures of yeasts growing on fermentable carbon sources normally rises to levels which, when added at once, are sufficient to induce the passive equilibration of cNLS-GFP, this tolerance pathway probably plays a physiologically relevant role in protecting the NPC. Stochaj et al. (46) observed a similar adaptation response to heat shock, which also induces Hsp70 expression (36) .
Aliphatic alcohols used at the concentrations described here will certainly dissolve into and alter, at least subtly, the physical properties of biological membranes. However, the protective effect of SSA1 overexpression is inconsistent with the idea that cNLS-GFP might have escaped the nucleus through pores created by the alcohols in the lipid phase of the nuclear membranes. To control for chemical effects on the integrity of internal membranes, we tested whether HD affected the uptake and staining of vacuole membranes by the vital dye FM4-64. FM4-64 is delivered to the vacuole via the secretory pathway and requires a vacuole membrane potential for proper staining (48) . The uptake and staining of vacuole membranes by FM4-64 were not affected by 2% HD (data not shown). Moreover, if the alcohols acted by punching large holes in cellular membranes, then the GFP reporters we used would equilibrate across the vacuole membrane and also leak out of the cell through the plasma membrane, which they clearly did not ( Fig. 1B and 2B) .
Treatments other than with aliphatic alcohols also affect NPC permeability. It has previously been reported that incubation of nup170⌬ cells at 0°C induced the rapid equilibration of both cNLS-GFP and the 126-kDa NES-GFP reporter (42) . Deoxyglucose promoted the equilibration of the 51-kDa NES-GFP reporter in wt cells and the partial equilibration of the largest, 126-kDa reporter in nup170⌬ cells (data not shown). Hypertonic shock, which causes the Pkc1p kinase-dependent relocalization of some nuclear proteins to the cytoplasm (35), did not affect the localization of cNLS-GFP in wt cells (data VOL. 23, 2003 GATING THE NUCLEAR PORE COMPLEX 535 not shown) and thus probably does not act by disrupting NPC permeability. Aliphatic alcohols increase the maximum sieving capacity of wt and nup170⌬ NPCs. In addition to measuring the active and passive transport of cNLS-GFP (43, 44), we and our coworkers have also used 30-to 126-kDa NES-GFP reporters to estimate the abnormally high sieving capacity of nup188⌬ and nup170⌬ NPCs (42) . NES reporters offer a better assessment of nucleocytoplasmic diffusion than NLS-GFPs because the only way NES reporters can enter the nucleus is by diffusion. In contrast, 
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the nuclear targeting of NLS-GFP is often inefficient, which results in a degree of background cytoplasmic fluorescence whether or not the reporter is able to diffuse out of the nucleus. Here, we extend our previous study on the sieving capacity of NPC to include the effects of aliphatic alcohols in wt and nup170⌬ cells. Each alcohol was used at a concentration sufficient to equilibrate cNLS-GFP across the nuclear envelopes of ϳ100% of the cell population in 10 min (Fig. 1A) . Figure 2B shows a representative subset of the confocal images used to score the cells and compile the data in Fig. 2A . Untreated wt nuclei were impermeable to 36-kDa and larger NES-GFP reporters ( Fig. 2A) . Treatment with ethanol, isopropanol, butanol, and HD affected the sieving capacity of wt cells in proportion to their relative hydrophobicity (Fig. 1A, inset) . Untreated nup170⌬ NPCs were more permeable to larger reporters than were wt cells, admitting the 51-kDa but not the 66-kDa reporter ( Fig. 2A) (42) . This limit was significantly increased by each of the alcohols, which, with the exception of isopropanol, promoted the passive exchange of the largest, 126-kDa reporter ( Fig. 2A) . Curiously, ethanol was not found by this assay to enhance the permeability of wt cells, even though it induced cNLS-GFP equilibration (Fig. 1A) . Ethanol VOL. 23, 2003 GATING THE NUCLEAR PORE COMPLEX 537 did, however, have a disproportionately large effect on NPC sieving in nup170⌬ cells. This suggests that the effects of ethanol may not be limited to NPC permeability or, possibly, that it has specific effects on the function of the nuclear transport apparatus. In this regard, it is not clear why 5% ethanol induced the rapid equilibration of a 43-kDa cNLS-GFP reporter (Fig. 1A) but not that of a smaller 36-kDa NES-GFP reporter (Fig. 2A) . Rather than revealing something fundamental about NPC channel structure, this particular inconsistency is most likely due to technical factors such as differences in the shapes and Stokes' radii of the cNLS and NES reporters or the differential effects of ethanol on the targeting phases of importin-and exportin-mediated transport. The important conclusion to note here is that simple aliphatic alcohols have strikingly large effects on NPC permeability. Finally, these results underscore the important role that Nup170p plays in NPC permeability.
HD causes the reversible dissociation of nups from nup170⌬ NPCs. To investigate the possible role of Nup170p in the molecular mechanics of channel permeability, we assessed the effects of 5% HD on the association of 14 representative FG and structural nups with the NPC. Each NUP gene was tagged in the chromosome with either GFP or EYFP in both wt and nup170⌬ cells. All 14 nup-GFP reporters localized in the expected pattern in wt and nup170⌬ NPCs, and their binding to wt NPCs was not significantly affected by 5% HD (Fig. 3) . Remarkably, 5% HD induced the reversible dissociation of seven nups from nup170⌬ NPCs (Fig. 3) , including both FG nups (Nup53p, Nup59p, and Nup116p) and structural nups (Nup82p, Nup85p, Nup120p, and Nup188p). The binding of seven other nups, including both FG nups (Nup2p, Nup60p, Nup84p, Nup100p, and Nup159p) and structural nups (Nup145-Cp, Nup133p, and Nup84p), was unaffected. Among the FG nups that did not dissociate were those that localize to the cytoplasmic face (Nup159p), central channel (Nup100p), and nuclear basket (Nup60p and Nup2p) (6, 39) . The stable association of Nup2p and EYFP is noteworthy, since Kenna et al. (23) have reported that Nup2p was depleted from nuclei isolated from nup170⌬ cells. Also, since Nup2p is a mobile nup that normally shuttles between the NPC and the nucleoplasm, its tendency to dissociate may be expected (13) . Using confocal imaging of living cells, we observed excellent localization of Nup2p-EYFP to both wt and nup170⌬ NPCs (Fig. 3) . It is possible that the stability of the association of Nup2p with the NPC is reduced in nup170⌬ cells but not in a fashion that makes it susceptible to dissociation in HD.
These results provide a molecular basis for the effects of aliphatic alcohols on the sieving capacities of wt and nup170⌬ NPCs. The dissociation of nups from HD-treated NPCs indicates that the increases in NPC permeability are the direct result of space created in the NPC by the disruption of specific interactions between nups. Ribbeck and Gorlich (37a) have made a compelling case for the role of alcohol-sensitive hydrophobic interactions in maintaining the permeability barrier of mammalian NPCs. They concluded that interactions between hydrophobic FG repeats created a meshwork-like barrier to diffusion that is disrupted when receptor-cargo complexes partition into the environment of the meshwork. The dissociation of Nup188p, Nup120p, Nup85p, and Nup82p suggests that binding dynamics involving structural nups may be as critical, or more so, to channel gating as the proposed interactions among FG nups. Taken together, our results and those of others support the hypothesis that HD mimics channel gating by disrupting interactions between nups that normally function to maintain the permeability barrier of the central channel.
There remains the possibility that nup170⌬ NPCs are structurally defective in such a way as to make them sensitive to the effects of aliphatic alcohols. Although it is possible that the effects we observed are unrelated to channel gating, we think that this possibility is unlikely since low concentrations of aliphatic alcohols also disrupt the permeability barrier of wt NPCs ( Fig. 1 and 2) . Still, it is reasonable to ask whether other treatments that affect permeability also induce the dissociation of nups in nup170⌬ cells. To address this issue, we investigated the effects of deoxyglucose and chilling on several representative Nup-EYFP reporters. Similar to the effects of HD (Fig. 3) , deoxyglucose and chilling induced the dissociation of Nup188p-, Nup53p-, and Nup120p-EYFP reporters from nup170⌬ NPCs (Fig. 4) . These reporters did not dissociate in either deoxyglucose-treated or chilled wt cells, and the effects in nup170⌬ cells were reversible (data not shown). The NPC localization of Nup133p-EYFP, which was unaffected by HD (Fig. 3) , was also unaffected by deoxyglucose and chilling (Fig. 4) . The effects of chilling could be due to the fact that hydrophobic interactions are generally weaker at lower temperatures, but no such argument can be made for the effects of deoxyglucose, which has the effect of reducing cellular ATP levels (40) . Experiments are under way to determine exactly how aliphatic alcohols, deoxyglucose, and chilling increase NPC permeability and induce the dissociation of nups from nup170⌬ NPCs.
The simplest dissociation events to understand are those of the related proteins Nup53p and Nup59p, since Nup53p is known to associate directly with Nup170p (30). It is likely that binding dynamics involving Nup53p and Nup170p would be mirrored in some fashion by analogous reactions involving Nup59p and Nup157p, even though nup157⌬ NPCs do not exhibit increased permeability (42) . The dissociation of Nup59p from nup170⌬ NPCs (Fig. 3) indicates that there is a functional parallel between the Nup53p/Nup59p and Nup170p/ Nup157p pairs of homologous proteins (1). Animal NPCs contain only one version of each pair, designated Nup35 and Nup155, respectively (10) .
The case of the dissociation of Nup53p is complicated by the dual role that Kap121p-Nup53p complexes play in NPC assembly and transport (31) . The assembly of Nup53p into nascent NPCs appears to be directed by Kap121p, which binds an NLS-like Kap binding domain in Nup53p (26) . Once Nup53p is incorporated into NPCs, it likely serves as a docking site for Kap121p-and Kap95p-cargo complexes (14, 31) . The case for the involvement of Nup53p and Nup170p in gating is supported by biochemical evidence indicating that Nup53p participates in dynamic binding relationships with Kap121p, Nup170p, and possibly Nic96p (14, 31; R. Wozniak, personal communication). Specifically, the fact that Nup53p exists in mutually exclusive complexes with Nup170p and Kap121p suggests that the binding of Nup53p to Nup170p may trigger the release of Kap121p-cargo from Nup53p to downstream docking sites (26) . No matter which nup(s) is responsible for tethering Nup53p to the NPC in nup170⌬ cells, the HD sensitivity 538 SHULGA AND GOLDFARB MOL. CELL. BIOL.
of the interaction underscores its potential role as a molecular latch governing channel gating. It has been suggested that some nups function as mobile receptor-cargo carriers that shift between docking stations within the NPC and between the NPC and the nucleus (15, 32, 50) . For example, Nup98 shuttles between the NPC and an intranuclear structure called the GLFG body (19) . Mammalian Nup50 and its yeast homologue Nup2p also shuttle between the NPC and the nucleoplasm (13, 25a) . CAN/Nup214 and Nup153 also appear to be mobile and exchange rapidly with nuclear pools (11, 34) . The localization of Nsp1p and Nic96p to multiple sites within the yeast NPC is consistent with this type of mobility (15) . Given the gathering body of evidence that dynamic interactions of nups within the NPC may be the norm VOL. 23, 2003 GATING THE NUCLEAR PORE COMPLEX 539 rather than the exception, channel gating and translocation might be best understand in terms of cascades of partner exchanges initiated by the binding of receptor-cargo complexes to their cognate FG repeat domains. The present findings suggest that several structural nups may participate in a novel class of binding dynamics central to channel gating vis-à-vis permeability.
The dissociation of Nup188p from nup170⌬ NPCs is intriguing because, among the null mutants we examined, nup188⌬ and nup170⌬ NPCs are unique with respect to their abnormally high permeability to NES-GFP reporters (42) . Since the sieving capacity of nup170⌬ NPCs is greater than that of nup188⌬ NPCs and a number of nups including Nup188p-EYFP dissociate from nup170-⌬ cells, we think that it is likely that Nup170p functions as a kind of master scaffold for a spectrum of nups, including Nup188p. In turn, Nup188p may itself serve as the direct, or secondary, scaffold for a subset of the nups that dissociate from nup170⌬ NPCs. Alternatively, it is possible that the increased sieving of nup188⌬ NPCs is due to a hole created only by the absence of the estimated 16 copies of Nup188p, which amounts to a missing mass of 3 mDa or about 5% of the ϳ60-mDa yeast NPC (39) . Experiments are under way to investigate these possibilities.
The HD-induced dissociation of Nup120p and its binding partner Nup85p from nup170⌬ NPCs is consistent with the notion that the Nup84p complex plays a role in the conformational dynamics of the NPC. The Nup84p complex contains seven structural nups (45) , all of which are conserved in mammals (10) . Nup85p/Seh1p and Nup120p form the forkedshaped head of the Y-shaped complex (27) . Nup145-Cp/ Sec13p, Nup84p, and Nup133p form an elongated handle-like structure that is connected to the fork subunits through an interaction between Nup120p and Nup145-Cp. Since Nup85p does not assemble into nup120⌬ NPCs (18), its dissociation from nup170⌬ NPCs in HD is probably an indirect result of the disruption of the Nup85/Nup120p-Nup145-Cp/Sec13p com- plex. Nup145-Cp, Nup84p, and Nup133p remain bound to HD-treated nup170⌬ NPCs (Fig. 3) . The massive interconnected structure of the NPC dictates that various binding hierarchies will determine how and in what order individual nups are incorporated during the assembly of nascent NPCs. For example, a C-terminal truncation of Nup57p that prevented its own assembly into NPCs also reduced the incorporation of its binding partner Nup49p as well as Nsp1p and Nup116p (9) . Two of the nups that dissociate from nup170⌬ NPCs might do so because their stable binding partners are linked to the NPC via HD-sensitive interactions. As discussed above, the dissociation of Nup85p from nup170⌬ NPCs is probably an indirect result of its association with Nup120p. Since Ho et al. (21) have shown that Nup116p does not assemble into nup82⌬ NPCs, the HD-induced dissociation of Nup116p might also be a consequence of its interaction with Nup82p.
A novel role for nucleoporin binding dynamics in channel gating. Current models for NPC channel function make the assumption that the permeability barrier is created by FG nups, whose repeat domains are probably structurally disorganized and therefore capable of occupying lots of space within the channel (12) . The Brownian affinity gate (39) and hydrophobic exclusion (37, 37a) models suggest ways by which the binding of receptor-cargo complexes to FG repeats might overcome the permeability barrier and, for all intents and purposes, induce gating. Both of these models view FG repeat domains as flexible filaments attached to a rigid scaffold composed of structural nups (28) . If this is correct, and the spoke-ring annulus remains rigid and immobile during transport, then the binding dynamics we observed among structural nups may contribute to gating by mobilizing FG nups within the confines of the central channel. Alternatively, since the only known function of the NPC is channel gating and translocation, it seems reasonable to expect that the entire structure would likely participate in gating and translocation dynamics. In support of this notion, the massive spoke-ring assembly, like the central transporter (2, 3, 25) and nuclear basket structures (47) , can be captured by electron microscopy in multiple conformations (3, 4) .
The reversible dissociation of structural nups in HD-treated nup170⌬ cells suggests that labile binding interactions involving structural nups are at least as important in gating as those postulated to occur between FG nups (37a, 39). The nups that dissociate in HD behave like gates that are normally held in place by stable Nup170p-dependent "hinges" formed during NPC assembly and maintained over the pore's lifetime. Without hinges, as is the case in nup170⌬ cells, the ectopic release of latching complexes by HD, deoxyglucose, or chilling causes the gates to fall off the NPC. This analogy does not rule out the equally likely possibility that the disruption of latching complexes which define the configuration of closed channels leads directly to the formation of secondary complexes (i.e., partner exchanges) that characterize open-channel configurations.
In summary, reversible increases in NPC permeability can be correlated with a novel class of nup binding dynamics involving both structural and FG nups. We believe that these phenomena are indicative of bona fide gating reactions that are suited to biochemical analysis.
